Cells are bombarded by extracellular stimuli, yet they respond appropriately only to specific signals, often by means of just a handful of intracellular messengers. By expressing only certain receptors, cells ignore most signals while being exquisitely sensitive to others. But there is more to specificity than the controlled expression of signalling proteins. Even within a single cell, different receptors may use the same intracellular messenger molecule to very different effect. In heart, for example, the cyclic AMP produced after stimulation of β-adrenoceptors increases the force of contraction, while that produced in response to prostaglandin E is relatively ineffective [1] . Such private conversations between receptors and their targets are possible because scaffold proteins assemble the signalling proteins into complexes that allow even a ubiquitous messenger such as cyclic AMP to be effectively directed from a specific receptor to a specific target [2] .
For Ca 2+ signals, too, the spatial organisation, amplitude and frequency of the changes in cytoplasmic Ca 2+ concentration influence the nature of the cellular response. Local and global Ca 2+ signals have opposing effects on smooth muscle contraction [3] , Ca 2+ signals of different amplitudes activate different responses [4] , and gene transcription is finely tuned to the frequency of Ca 2+ spikes [5] . This complex spatial and temporal organisation of Ca 2+ signals enormously increases the versatility of this ubiquitous messenger. Understanding how such Ca 2+ spikes are generated has captured the attention of many in the field for more than a decade. Because most Ca 2+ channels and Ca 2+ pumps, and many of the enzymes that synthesise or degrade the Ca 2+ -mobilizing messenger inositol 1,4,5-trisphosphate (IP 3 ) are regulated by Ca 2+ , there is no shortage of feedback loops that could lead to oscillatory changes in Ca 2+ transport. Here, we focus on periodic release of Ca 2+ from IP 3 -sensitive stores, and in particular on the recent evidence that 'regulators of G-protein signalling', or RGS proteins, may play an important part in the regulation of this process.
Oscillatory opening of IP 3 receptors
Microinjection of cells with stable analogues of IP 3 has been shown to evoke the periodic release of Ca 2+ from intracellular stores [6] , indicating that IP 3 receptors cycle between open and closed states, even when continuously exposed to IP 3 . The biphasic effect of cytosolic Ca 2+ on IP 3 receptors provides the key to understanding this oscillatory behaviour. Most, perhaps all, IP 3 receptor isoforms become more sensitive to IP 3 as the Ca 2+ concentration is modestly increased, and they are then inhibited as the Ca 2+ concentration increases further. The simplest explanation for these effects is that IP 3 binding controls which of two Ca 2+ -binding sites associated with the IP 3 receptor is accessible: a receptor without IP 3 bound is inhibited by Ca 2+ , but after IP 3 binding the inhibitory Ca 2+ -binding site is concealed and a stimulatory Ca 2+ -binding site is exposed, allowing Ca 2+ to promote channel opening [7] .
This interplay provides a plausible model for Ca 2+ 3 dissociates from them. The interval between spikes probably reflects the time taken both to adequately refill the Ca 2+ stores and to slowly reverse the Ca 2+ inhibition of IP 3 receptors (Figure 1d ) [8] .
Ca 2+ fingerprints from receptors that share signalling pathways
Calcium oscillations may be common, but their frequencies and characteristics can be very different in different cells. Indeed, the same cell responding to different stimuli can produce Ca 2+ spikes with different shapes [9] . In pancreatic acinar cells, for example, cholecystokinin and acetylcholine receptors use the same Gq proteins to stimulate phospholipase C and so trigger Ca 2+ release from intracellular stores, yet the patterns of the Ca 2+ signals they evoke are quite different [10] . Such diversity sits uneasily with mechanisms wholly dependent on Ca 2+ regulation of IP 3 receptors.
How, then, might receptors that interact with the same G proteins succeed in evoking different Ca 2+ signals? Recent work suggests at least two possible mechanisms. Either receptors are regulated by feedback signals that lead to receptor-specific oscillations of IP 3 production [9] , or receptors that share an ability to stimulate Gq differ in whether they interact with other G proteins to generate additional signals that shape the Ca 2+ signal. Evidence for the latter comes from work on pancreatic acinar cells, where the Ca 2+ signals evoked by cholecystokinin or acetylcholine require IP 3 , but the novel Ca 2+ -mobilising messengers, nicotinic acid adenine dinucleotide phosphate (NAADP) and cyclic ADP-ribose are required to initiate Ca 2+ signals evoked by cholecystokinin, but not those evoked by acetylcholine [11] . Alternatively, signals such as cyclic AMP [12] or G protein βγ subunits [13] , generated by activation of parallel signalling pathways, may more directly influence IP 3 receptors, affecting their sensitivity to either IP 3 or Ca 2+ .
IP 3 oscillations
Only recently has it become possible to measure IP 3 levels with the sensitivity required to resolve whether they oscillate in single cells [14] . The results, showing that Ca 2+ and IP 3 levels oscillate in synchrony [14] , have reawakened enthusiasm for models based on oscillatory Mechanisms underlying Ca 2+ oscillations. When a receptor is activated, it stimulates the α subunit of a G protein to lose its GDP and bind GTP, causing dissociation of the trimeric G protein into its α-GTP and βγ subunits. Either of these complexes can stimulate phospholipase Cβ (PLC) leading to formation of IP 3 and diacylglycerol (DG). IP 3 binds to its receptor in the endoplasmic reticulum to stimulate Ca 2+ release (blue circles), and DG with Ca 2+ can stimulate conventional protein kinase C (PKC). The intrinsic GTPase activity of the α subunit restores the basal state by hydrolysing the bound GTP and allowing reassociation of the G-protein subunits. RGS proteins, which associate with specific receptors, can accelerate this GTPase activity to return the α subunit to its inactive state more rapidly. The activity of the RGS proteins may normally be held in check by association with PIP 3 . The panels, in which active and inactive proteins are shown in green and red, respectively, show that negative feedback by cytosolic Ca 2+ can generate Ca 2+ spikes by mechanisms involving either oscillatory production of IP 3 (a-c) or oscillatory inactivation of IP 3 receptors (d). production of IP 3 [9] . Many isoforms of conventional protein kinase C (PKC) are stimulated by Ca 2+ and diacylglycerol; these kinases can desensitise phosphoinositide signalling pathways, and their activity can oscillate in synchrony with Ca 2+ spikes [15] . PKC may therefore provide the negative feedback needed to cause oscillatory formation of IP 3 [9] .
An example of such feedback regulation is provided by metabotropic glutamate receptors. Stimulation of one subtype of this receptor, mGluR5, evokes Ca 2+ spikes via IP 3 , but stimulation of another subtype expressed in the same cell, mGluR1, evokes only a single Ca 2+ transient [16] . The difference depends upon a single PKC phosphorylation site in mGluR5, consistent with the notion that oscillatory uncoupling of the receptor from its G protein allows cycles of IP 3 formation (Figure 1b) . A similar mechanism may operate in the pancreas, where PKC both phosphorylates cholecystokinin receptors and attenuates cholecystokinin-evoked Ca 2+ mobilisation [17] . Phospholipase Cβ isoforms are also substrates for PKC, and phosphorylation of the β 3 isoform prevents its activation by Gq [18] , suggesting another site at which PKC might regulate IP 3 production (Figure 1c ).
Recent work with RGS proteins suggest another site of feedback regulation that may lead to receptor-specific oscillations in IP 3 . There are more than 20 of these RGS proteins, each with a conserved RGS domain that binds to α subunits of G proteins in the Gi and Gq families, accelerating their GTPase activity and thereby shortening the life-spans of their active states [19] . The more variable regions of the RGS proteins are also interesting because they include targeting sequences. In pancreas, for example, the amino-terminal residues allow a selective interaction between RGS4 and the muscarinic acetylcholine receptor [20] . Other RGS proteins have different receptor preferences [21] . A possible link with oscillatory production of IP 3 comes with the observation [22] that many RGS proteins are inhibited by phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ), which binds to the RGS domain. Ca 2+ -calmodulin both antagonises this inhibition and binds to the amino-terminal region of RGS4, where it may influence its interaction with the muscarinic acetylcholine receptor [22] .
These interactions suggest another way in which Ca 2+ signals may feed back to produce receptor-specific oscillations of IP 3 [22] (Figure 1a) . Within a signalling complex that includes an RGS protein, receptor and Gq, PIP 3 is proposed to tonically inhibit RGS activity. When the receptor is stimulated, it activates Gq and so stimulates phospholipase Cβ, leading to formation of IP 3 Whether Ca 2+ oscillations are driven by oscillatory production of IP 3 or at the level of the IP 3 receptor -and the possibilities are not mutually exclusive -the underlying mechanisms share a key feature: within each cell, cytosolic Ca 2+ effectively synchronises the feedback to different signalling complexes ( Figure 1 ). This allows global changes in cytosolic Ca 2+ to drive coordinated cycles of activity in different signalling complexes; with less intense stimulation the same feedback mechanisms may operate locally to generate more spatially restricted Ca 2+ spikes.
